Necrotizing enterocolitis (NEC) is an often catastrophic disease that is the most common surgical emergency in the neonatal intensive care unit, and which most commonly affects premature infants weighing less than 1.5 kg.^[@R1]^ Although the exact etiology of NEC is uncertain, the specific pathologic hallmarks of NEC include inflammatory cell infiltration, mucosal edema, ulceration and coagulative necrosis.^[@R2]^ An initial insult resulting in early epithelial injury induces release of inflammatory mediators that further cause compromised gut barrier function. Subsequent bacterial translocation and toxin absorption amplify the inflammatory cascade, worsening the epithelial injury. Extensive barrier failure and ensuing intestinal tissue necrosis are the ultimate manifestations of NEC.^[@R1]^ In light of the pathogenesis of NEC, the integrity and function of the intestinal mucosa plays a major defensive role against the initiation of NEC.

The integrity of the intestinal epithelium is ensured by pluripotent, self-renewing and proliferative stem cells.^[@R3],\ [@R4]^ These cells have only recently been identified using special markers such as Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) and prominin-1/CD133, in addition to classic +4 long retention cell characteristics.^[@R5],\ [@R6]^ Between 4-6 stem cells at each crypt base generate epithelial progenitor cells in the transit-amplifying (TA) zone, which subsequently differentiate and maintain intestinal homeostasis.^[@R3],\ [@R4]^ They provide a fast-paced renewal of the four differentiated epithelial cell lineages, each of which has distinct important physiologic functions: enterocytes which absorb nutrients, goblet cells which produce protective mucus, paneth cells which secrete antibacterial proteins, and neuroendocrine cells which produce hormones.^[@R7]^ Stresses such as intestinal ischemia can harm the intestinal epithelial cell lineages, particularly the stem cells, thereby disrupting normal homeostasis and gut barrier function. Stem cells in some organs, including the intestines, have been shown to respond to stress and to promote recovery from injury.^[@R8]^ A previous study showed that bone marrow-derived progenitor cells have the ability to regenerate the intestine after injury.^[@R9]^ However, the role of intestinal stem cells (ISCs) in recovery from NEC is unknown. The ability to protect ISCs in the face of stress may represent a critical step in the prevention and treatment of NEC.

Previous studies from our laboratory have shown that heparin-binding EGF-like growth factor (HB-EGF) can protect the intestines from NEC.^[@R10],\ [@R11]^ HB-EGF was first identified in the conditioned medium of cultured human macrophages,^[@R12]^ and was subsequently found to be a member of the EGF family.^[@R13]^ HB-EGF is initially produced as a 208 amino acid transmembrane precursor molecule (proHB-EGF) that undergoes extracellular proteolytic cleavage to yield the mature secreted form of the growth factor (sHB-EGF).^[@R14]^ In the intestine, we have shown that exogenous administration of HB-EGF promotes enterocyte migration,^[@R15]^ prevents intestinal epithelial cell (IEC) apoptosis,^[@R16]^ decreases bacterial translocation,^[@R17]^ and preserves gut barrier function^[@R18]^ after injury. In addition, we showed that HB-EGF inhibits the expression of inflammatory cytokines,^[@R19]^ adhesion molecules, and infiltration of inflammatory cells after intestinal injury.^[@R20]^ Although we have shown that enteral administration of HB-EGF promotes enterocyte proliferation in the face of intestinal injury,^[@R15]^ we have not investigated the effect of HB-EGF on ISCs or on the individual IEC lineages. In the current study we examined the effects of HB-EGF administration on enterocytes, goblet cells, neuroendocrine cells and stem cells in a newborn rat model of experimental NEC. We further examined the effect of HB-EGF on isolated purified ISCs *in vitro*, and using a novel *ex vivo* crypt villous organoid culture system.

MATERIALS AND METHODS {#S1}
=====================

Rat pup model of experimental NEC {#S2}
---------------------------------

All experimental procedures were carried out according to guidelines for the ethical treatment of experimental animals and approved by the Institutional Animal Care and Use Committee of Nationwide Children\'s Hospital (Protocol \#04203AR). Experimental NEC was induced using a modification of the neonatal rat model of NEC initially described by Barlow *et al*.^[@R21]^ and modified as we have previously described.^[@R22]^ Rat pups were delivered on day 21 of gestation by Cesarean section under CO~2~ anesthesia from timed pregnant rats (Harlan Sprague-Dawley, Indianapolis, IN). Newborn rat pups were maintained in an incubator at 37°C and gavage-fed with hypertonic formula containing 15 g Similac 60/40 (Ross Pediatrics, Columbus, OH) in 75 ml Esbilac (Pet-Ag, New Hampshire, IL), a diet that provided 836.8 kJ/kg daily. Feeds were started at 0.1 ml every 4h beginning 30 min after birth, and gradually increased to 0.4 ml per feed. Pups (n=10), designated as the NEC group, were exposed to hypoxia with 100% nitrogen for 1 minute, followed by hypothermia at 4°C for 10 minutes twice daily beginning 60 min after birth for either 1, 2 or 3 days, with intragastric feeding of lipopolysaccharide (LPS) (2 mg/kg) 8h after birth. LPS administration enhanced the incidence of NEC in our model and has been used by others as well.^[@R23]^ Pups were euthanized by cervical dislocation upon the development of any clinical signs of NEC, or at the end of the experiment at 3 days after birth. Additional pups (n=10), designated as the NEC + HB-EGF group, were stressed for 3 days, but were treated with HB-EGF (800 *μ*g/kg/dose) added to each feed beginning with the first feed received after birth. Control pups (n=5), designated as the breast milk (BM) group, were breast fed for 3 days using surrogate mothers (since their natural mothers were sacrificed after C-section), and were not stressed. The recombinant human HB-EGF used in the current experiments, corresponding to amino acids 74-148 of the mature HB-EGF precursor, was produced using a *Pichia pastoris* expression system according to Good Laboratory Practice (GLP) procedures (Trillium Therapeutics, Inc, Toronto, Canada).

Histological injury grading {#S3}
---------------------------

Intestines were removed upon sacrifice and fixed in 10% formalin for 24h. Four pieces each of duodenum, jejunum, ileum, and colon were harvested, paraffin-embedded, sectioned at 5 *μ*m thickness, and stained with hematoxylin and eosin. Intestinal injury was graded by examining tissue sections with phase contrast microscopy using the histological scoring system described by Caplan *et al*.^[@R24]^ Intestinal morphologic changes were graded as: grade 0, no damage; grade 1, epithelial cell lifting or separation; grade 2, necrosis to the mid villous level; grade 3, necrosis of the entire villus; and grade 4, transmural necrosis. Histological injury scores of grade 2 or greater were considered positive for NEC. Grading was carried out blindly by two experienced independent observers (A. R. and X. Y.).

Clinical NEC and atresia (control) samples were obtained from patients undergoing bowel resection in accordance with Nationwide Children\'s Hospital guidelines for human subjects research (IRB Approval \#06-00267). These tissues were processed in the same way as the rat pup intestinal samples.

Histologic and immunohistochemical detection of IEC lineages {#S4}
------------------------------------------------------------

Rat pup jejunal cross-sections (5 μm thickness) were subjected to histochemical and immunohistochemical staining for detection of IEC lineages.

### Enterocytes {#S5}

Enterocytes were identified by H&E staining of tissue sections. H&E stained sections were examined using an Axioscope microscope (HBO 100/W2, Zeiss, Thornwood, NY) with bright field photo-documentation using AxioVision software (version, 02.2002). Enterocytes in villi were manually identified and marked and then numerically counted using the Cell Counter in ImageJ software (version 1.39U, NIH, Betheda, MD).

### Goblet Cells {#S6}

Goblet cells were identified by periodic acid-Schiff (PAS) staining of tissue sections.

### Neuroendocrine Cells {#S7}

Immunofluorescent staining was performed for the detection of chromogranin-A positive neuroendocrine cells using rabbit polyclonal anti-chromogranin-A (v:v=1:500) (ABCAM, Cambridge, MA) primary antibodies.

### Paneth Cells {#S8}

Since we were unable to identify granules characteristic of Paneth cells in the intervillous regions, tissue sections were also subjected to α-defensin immunostaining using goat polyclonal anti-α-defensin (R-19) (Santa Cruz Biotechnology, Santa Cruz, CA) primary antibodies in an attempt to identify Paneth cells.

### ISCs and Transit Amplifying (TA) Cells {#S9}

Proliferating ISCs and TA cells were identified by immunostaining using mouse anti-proliferating cell nuclear antigen (PCNA) (Sigma-Aldrich, Saint Louis, MO) primary antibodies, as previously described.^[@R25]^ ISCs were further identified by immunostaining using rabbit anti-LGR5 (v:v=1:500) (MBL International Corporation, Woburn, MA),^[@R5]^ and rat monoclonal anti-prominin-1 (v:v=1:10) (Miltenyi Biotec, Auburn, CA).^[@R26],\ [@R27]^

### Immunohistochemistry {#S10}

Tissue sections were rehydrated and then blocked with 10% donkey serum/PBS for 1h at RT. Either rabbit polyclonal anti-chromogranin-A (v:v=1:500), goat polyclonal anti-α-defensin (R-19), mouse anti-PCNA, rabbit anti-LGR5 (v:v=1:500), rat monoclonal anti-prominin-1 (v:v=1:10), or rabbit anti-CD133 antibodies were applied to tissue sections according to the manufacture\'s recommended dilutions in 10% donkey serum/PBS for 1h at RT or overnight at 4°C. For double staining, two antibodies were added for incubation simultaneously. After three 10-min washes with PBS/0.1% Tween 20, tissue sections were incubated with the appropriate anti-IgG (4 μg/ml) conjugated with FITC or Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) in 10% donkey serum/PBS for 1h at RT. Tissue sections were mounted with ProLong Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA) after three 10-min washes with PBS+0.1% Tween 20. Negative controls in the absence of primary antibodies were performed for all immunostaining to indicate the level of background staining intensity. The cells with immunostaining intensity above background staining were counted as positively staining cells. Fluorescence microscopy was performed using an AxioSkope fluorescent microscope (HBO 100/W 2, Zeiss, Thornwood, NY).

### Quantification of intestinal epithelial cell lineage cells {#S11}

IEC lineage cells were quantified manually in 15 or more well-aligned villi demonstrating complete lymphatics.

Isolation of prominin-1 ^+^ ISCs {#S12}
--------------------------------

Magnetic-activated cell sorting (MACS) isolation of prominin-1^+^ ISCs was performed with modifications of a previously described method.^[@R28],\ [@R29]^ Small intestines were excised from 6-10 neonatal rat pups at 3 days of age for isolation of intestinal progenitor and stem cells. Intestines were opened longitudinally, washed with cold PBS and cut into 5 mm pieces. Tissue fragments were incubated in 2 mM EDTA/PBS for 30 min on ice. Intervillous epithelia were enriched and centrifuged at 150-200g for 3 min as described previously, ^[@R28]^ and dissociated by incubation in PBS supplemented with trypsin (10 mg/ml) and DNase (0.8 u/ul) for 30 min at 37°C.^[@R30]^ Single cells were centrifuged at 300g for 10 min at 4°C, resuspended in Minimum Essential Medium (S-MEM) and filtered through 40 μm cell strainers. Strained cells were washed with 10 ml of cold PBS and centrifuged at 300g for 10 min at 4°C. The isolation of prominin-1 positive stem cells was carried out according to the manufacture\'s protocol (Miltenyi Biotec, Auburn, CA) as follows. Dissociated intervillous epithelial cells were resuspended in 80 μl PBS/BSA/EDTA buffer (pH 7.2, 0.5% BSA and 2mM EDTA) per 10^7^ total cells. Twenty μl of anti-Prominin-1 MicroBeads (Miltenyi Biotec, Auburn, CA) per 10^7^ total cells were added and incubated for 10 min on ice. Cells were washed with 1-2 mL of buffer per 10^7^ cells and centrifuged at 300g for 10 min. Supernatants were removed and \~10^8^ cells were suspended in 500 μl of PBS/BSA/EDTA buffer and run through MACS pre-separation filters to remove clumped cells. MACS separation columns were placed in a magnetic multistand and rinsed with 2 ml PBS/BSA/EDTA buffer. Filtered cell suspensions were applied to the columns, the columns were washed two times with 2 ml PBS/BSA/EDTA buffer, and flow throughs collected as controls. The retained prominin-1 positive cells were harvested by removing the column from the magnetic multistand, and eluting the cells into collection tubes using 2 mL PBS/BSA/EDTA buffer. To monitor the purification efficiency, portions of run throughs and retained cells were centrifuged at 300g at 4°C and fixed in methanol/acetone (v:v=1:1) for 30 min. After three washes with PBS buffer, cells were subjected to anti-prominin-1 antibody immunostaining. Prominin-1 positive stem cells were maintained in medium (high-glucose Dulbecco\'s modified eagle medium (DMEM) with 10% FBS, 10 ug/mL insulin, 2mM glutamine, 100 U/mL penicillin and 100 ug/mL streptomycin) at 37°C in an incubator with 5% CO~2~ until hypoxia experiments were carried out.

Additional experiments were designed to confirm that prominin-1 MACS enriches for ISC. MACS isolated cells were labeled either with anti-Prominin-1 and Cy3-conjugated secondary antibody or with anti-LGR5 and FITC-conjugated secondary antibody, and then subjected to flow cytometry analysis (BD LSR II; BD Biosciences, San Jose, CA) with 30,000 events recorded. Appropriate controls were labeled with secondary antibodies conjugated with Cy3 or FITC alone,

*Ex vivo* crypt-villous organoid culture and analysis {#S13}
-----------------------------------------------------

### Crypt Isolation {#S14}

These studies were approved by Institutional Animal Care and Use Committee of the Children\'s Research Institute (IACUC Protocol \# AR-06-00092). C57BL/6J 3 month old mice were sacrificed and the intestines removed. Crypt isolation was carried out using a modification of a previously described method.^[@R31]^ The distal half of the jejunum and the entire ileum were excised and intestinal contents were removed by flushing with ice-cold Ca^2+^- and Mg^2+^-free PBS. The intestine was reverted on a 4 mm glass rod and exposed to PBS/EDTA (30 mM) (pH 7.4), at 37°C for 5 min. To release villi into ice-cold PBS, intestines on glass rods were assembled unto a Bulcher gradient maker and subjected to 4-5 pulses of vibration. Sheets of crypts were then rapidly vibrated off the intestine into new ice-cold PBS after a further 15 min incubation in PBS/EDTA (30 mM) (pH 7.4), at 37°C. Crypts were separated from remnant villi by gentle pippeting up and down with 10 ml serum tubes followed by filtering through 70 μm cell strainers. Crypts were centrifuged at 100-150g and were resuspended in cold PBS buffer. Crypts were quantified using hemocytometry with trypan blue (1:10 dilution) (Invitrogen, Carlsbad, CA).

### *Ex vivo* crypt-villous organoid culture {#S15}

Crypt-villous organoid cultures were established according to the methodology described by Sato *et al.*^[@R28]^ The concentration of isolated crypts was evaluated by counting the total number of crypts in 100 μl PBS microscopically. \~500 crypts plus 50 μl of BD Matrigel™ basement membrane matrix (BD Biosciences, Saint Jose, CA) were mixed and seeded in 24-well plates. When gels polymerized at RT, 500 μl of crypt culture medium (advanced DMEM/F12 (Invitrogen, Carlsbad, CA) containing EGF (50 ng/ml) (Peprotech, Rocky Hill, NJ) or HB-EGF (50 ng/ml) (Trillium Therapeutics Inc, Toronto, CA), plus the Wnt agonist R-spondin 1 (500 ng/ml) (R&D Systems, Minneapolis, MN) and the BMP inhibitor Noggin (100 ng/ml) (Peprotech, Rocky Hill, NJ) were used to maintain crypt-villous organoid growth. In order to further examine the requirements for organoid growth, HB-EGF, R-spondin 1 or Noggin, alone or in various combinations, were added and replaced every three days. Crypt cultures were maintained at 37°C in an incubator with 5% CO~2~ and the percent of crypts growing into crypt-villous organoids were evaluated at days 1, 3 and 5. Crypt-villous organoids were released from matrigel using recovery buffer (BD Biosciences, Saint Jose, CA) on ice for 30 min and washed in 1xPBS three times prior to fixation in 4% paraformaldehy/PBS for 2h. Orgnoids were penetrated using 0.1% Tween 20/PBS for immunostaining. Some organoids were embedded in histogel (Lab Storage System, Inc, St. Peters, MO) and fixed again in 10% formalin/PBS before paraffin-embedding and sectioning. Organoid tissue sections were subjected to cell lineage identification using H&E, immunohistologic and PAS staining as described above.

*Ex vivo* crypt-villous organoid analyses {#S16}
-----------------------------------------

*Ex vivo* crypt-villous organoids were analyzed as follows. Crypt-villous organoid viability in each culture well was expressed as the percent of viable organoids after scoring of at least 50 organoids. Organoid size was determined by microscopic visualization of 15 crypt-villous organoids at 5x magnification using a LEICA DM-4000B microscope, with organoid size expressed in relative area units obtained using ImageJ software (version 1.39U, NIH, Betheda, MD). Crypt length was quantified similarly and expressed as relative length units. The total number of crypts in each crypt-villous organoid was also determined. A relative unit is a pixel unit designated by ImageJ software when a certain length or area was measured.

Exposure of prominin-1^+^ ISCs and *ex vivo* crypt-villous organoids to hypoxia {#S17}
-------------------------------------------------------------------------------

MACS-isolated prominin-1 positive cells (10^4^) were seeded in 96 wells plates in triplicate and incubated overnight. Cells were subjected to hypoxia (100% nitrogen) or to normoxia for 60 min. in the presence or absence of HB-EGF (100 ng/ml) that was added 1h prior to the initiation of hypoxia. Stem cell viability was evaluated 24h post hypoxia using the Cyquant cell proliferation assay kit (Invitrogen, Eugene, OR), normalized to the viability of the normoxic control without HB-EGF, which was designated as 100%.

*Ex vivo* crypt-villous organoids were cultured overnight and subjected to hypoxia (100% nitrogen) or to normoxia for 60 min, in the presence or absence of HB-EGF (50 ng/ml) that was added 12h prior to hypoxia. Each treatment was performed in triplicate. Crypt viability in 50 crypts was examined on days 1-5 after hypoxia, with determination of the percent of crypts that formed crypt-villous organoids. The size of crypt-villous organoids exposed to different treatments at days 1-5 of culture was normalized to the size of crypt-villous organoids exposed to normoxia for 1 day.

Inhibition of HB-EGF signaling {#S18}
------------------------------

To examine the signaling pathways used by HB-EGF for promoting stem cell survival and growth of crypt-villous organoids, crypts were cultured in the presence of HB-EGF (50 ng/ml) in addition to R-spondin 1 and noggin. The EGFR inhibitor AG1478^[@R32]^ (1.5 μM; Calbiochem, Gibbsontown, NJ), the PI3K inhibitor Ly294002^[@R33]^ (60 μM; Calbiochem, Gibbsontown, NJ), or the MEK1/2 inhibitor PD98059^[@R34]^ (60 μM; Calbiochem, Gibbsontown, NJ) were added 30 min prior to the addition of HB-EGF. After 24h, the % of proliferative crypts was quantified. Results were normalized to the % of proliferative crypts grown in the absence of the inhibitors.

Statistical analyses {#S19}
--------------------

Data are presented as mean ± SEM from at least three independent experiments. Statistical analyses were performed using one-way, two-way and three-way ANOVA, with either Tukey-Kramer or Newman-Keuls pair-wise comparison tests, using SAS software (Version 92, SAS). *p*\<0.05 was considered statistically significant.

RESULTS {#S20}
=======

Administration of HB-EGF protects enterocytes, goblet cells and neuroendocrine cells from NEC *in vivo* {#S21}
-------------------------------------------------------------------------------------------------------

We found that HB-EGF protects enterocytes, goblet cells, and neuroendocrine cells from injury due to experimental NEC *in vivo* ([Figure 1A, B](#F1){ref-type="fig"}). Enterocytes/villous in breast fed control rat pups (BM group) were decreased significantly in pups with experimental NEC (NEC group), and increased significantly in pups with experimental NEC that were treated with HB-EGF added to the feeds (NEC + HB-EGF group). Similar results were found for goblet cells and neuroendocrine cells. No Paneth cells were detectable in the intervillous regions of newborn rat pups using either H&E staining or anti-α-defensin immunostaining (data not shown).

HB-EGF protects rat pup intestinal progenitor cells and stem cells from NEC in vivo {#S22}
-----------------------------------------------------------------------------------

PCNA immunostaining was used to identify proliferating ISCs and TA progenitor cells in the intervillous regions of rat pup intestines ([Figure 2A](#F2){ref-type="fig"}). The PCNA antibodies labeled most of the intervillous epithelial cell nuclei in breast fed rat pups, indicating intense proliferation of these cells. PCNA immunostaining was markedly reduced in pups subjected to NEC. Importantly, pups subjected to NEC but treated with HB-EGF added to the feeds had significantly increased intervillous PCNA immunostaining compared to non-HB-EGF treated pups. These findings show that HB-EGF is able to protect stem cells/TA progenitor cells from experimental NEC.

Others and we have shown that LGR5 and prominin-1 are both expressed in ISCs.^[@R5],\ [@R6],\ [@R26],\ [@R27],\ [@R35]^ To examine the effects of HB-EGF on ISCs specifically, we utilized LGR5 and prominin-1 immunostaining. Under basal, non-injury conditions, we found that double immunostaining with monoclonal anti-prominin-1 and anti-LGR5 antibodies successfully identified rat pup ISCs ([Figure 2B,C](#F2){ref-type="fig"} and [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Prominin-1 expression in rat pup intervillous epithelial cells co-localized with LGR5 expression specific to stem cells, but not to TA progenitor cells. Confocal serial scanning confirmed that prominin-1 and LGR5 staining was both intracellular and cell membrane associated ([Figure 2C](#F2){ref-type="fig"} and Supplementary Video 1). Some villous and mesenchymal cells stained positively, as has been described.^[@R5]^ We next examined the effect of HB-EGF on ISCs in our animal model of experimental NEC. The number of stem cells/intervillous region decreased significantly in pups subjected to NEC, and increased significantly in pups subjected to NEC but with HB-EGF added to the feeds ([Figure 2D, E](#F2){ref-type="fig"}). Thus, HB-EGF protects ISCs from injury in a model of experimental NEC. The decreased LGR5 expression in ISCs was also observed in human intestine resected for NEC compared to human intestine resected for small bowel atresia ([Supplementary Figure 2](#SD2){ref-type="supplementary-material"}).

HB-EGF protects prominin-1 positive ISCs from hypoxic stress in vitro {#S23}
---------------------------------------------------------------------

We next adapted an *in vitro* model to further investigate the cytoprotective effects of HB-EGF on ISCs. Co-localized prominin-1 and LGR5 expression in ISCs *in vivo* supported isolation of ISCs by α-prominin-1 magnetic activated cell sorting (MACS), as used previously to isolate neural stem cells.^[@R29]^ Intervillous epithelia were separated from the villi as described in Materials and Methods ([Supplementary Figure 3A](#SD3){ref-type="supplementary-material"}), and prominin-1 positive cells were enriched by prominin-1 antibody MACS. Prominin-1 and LGR5 immunostaining confirmed \~90% positively stained cells in MACS eluates compared to \<10% in flow throughs ([Supplementary Figure 3B](#SD3){ref-type="supplementary-material"}). Flow cytometry confirmed that \~80% of the MACS purified cells expressed prominin-1 and LGR5 ([Supplementary Figure 3C](#SD3){ref-type="supplementary-material"}). In the absence of HB-EGF, exposure of ISCs to hypoxia led to decreased cell viability ([Supplementary Figure 3D](#SD3){ref-type="supplementary-material"}). However, addition of HB-EGF to ISCs exposed to hypoxia led to significantly increased ISC viability. Furthermore, under normoxic conditions, addition of HB-EGF also led to increased intestinal stem cell viability.

HB-EGF promotes stem cell viability and growth of crypt-villous organoids *ex vivo* {#S24}
-----------------------------------------------------------------------------------

We next evaluated the effects of HB-EGF on crypt-villous organoid growth *ex vivo*, under basal, non-injury conditions. We modified the *ex vivo* crypt-villous organoid culture system described by Sato *et al*,^[@R28]^ using R-spondin 1 and Noggin in the culture medium, but replacing EGF with HB-EGF. We found that crypts grew into crypt-villous organoids with a villous sphere and numerous budding crypts ([Figure 3A, B](#F3){ref-type="fig"}). The growth of crypt-villous organoids from the cryptal base was exponential during the 12-day culture period ([Figure 3C](#F3){ref-type="fig"}).

Cultured organoids were designated as either viable or degraded ([Figure 4A](#F4){ref-type="fig"}, Supplementary Video 2A, B). The addition of R-spondin 1 alone was essential for maintenance of viable organoids, and was able to sustain organoids up to day 4 ([Figure 4A, 4B](#F4){ref-type="fig"}, panels *c,g*). With either HB-EGF alone or Noggin alone, crypts were initially viable at 12 hours in culture, but viability dropped dramatically by day 1-2 and was completely lost by day 4 in culture ([Figure 4A, 4B](#F4){ref-type="fig"}, panels *a, e, b, f*). The addition of Noggin to R-spondin 1 did not increase the percent of viable organoids ([Figure 4A](#F4){ref-type="fig"}), suggesting that Noggin may not be essential for maintaining organoids, although it may be necessary for further passage of *ex vivo* organoid cultures.^[@R28]^ However, addition of HB-EGF to R-spondin 1 and Noggin significantly increased organoid viability ([Figure 4A](#F4){ref-type="fig"}), organoid size ([Figure 4B](#F4){ref-type="fig"}, panels *d,h*; [4C](#F4){ref-type="fig"}), and crypt fission and crypt length ([Figure 4D](#F4){ref-type="fig"}). Together, these results indicate that HB-EGF enhances R-spondin 1-induced ISC activation and proliferation, resulting in increased organoid growth under basal, non-injury conditions. Differentiated IEC lineages were detected in cultured organoids, however the differentiation of enterocytes, goblet cells and Paneth cells derived from ISCs ([Figure 4E](#F4){ref-type="fig"}) and proliferative progenitor cells ([Figure 4F](#F4){ref-type="fig"}) under these non-injury conditions did not appear to require the addition of HB-EGF.

HB-EGF protects ex vivo crypt-villous organoids from hypoxic injury via EGFR activation and the MEK1/2 signaling pathway {#S25}
------------------------------------------------------------------------------------------------------------------------

To investigate the effects of HB-EGF on ISC survival and proliferation upon exposure to injury, the sizes and the percent of viable organoids were quantified in *ex vivo* crypt-villous organoid cultures exposed to normoxia or hypoxia for 60 min. In the absence of HB-EGF, organoid size remained static under normoxic or hypoxic conditions at all time points tested ([Figure 5A](#F5){ref-type="fig"}). However, crypt-villous organoid growth in the presence of HB-EGF was significantly increased at 3 and 5 days after exposure to either hypoxia or normoxia. HB-EGF significantly increased the percent of viable organoids at days 1, 2 and 3 under normoxic conditions, and at day 3 upon exposure to hypoxia ([Figure 5B](#F5){ref-type="fig"}). This indicates that HB-EGF protects ISCs from hypoxic injury and promotes ISC proliferation even under hypoxic conditions.

Signal pathway inhibitor studies suggest that HB-EGF promotes crypt-villous organoid proliferation via activation of EGFR/MEK1/2 and PI3K/Akt signaling pathways ([Figure 5C-E](#F5){ref-type="fig"}, [Figure 6](#F6){ref-type="fig"}; [Supplementary Figure 4](#SD4){ref-type="supplementary-material"}). In the absence of inhibitors, crypts grew into crypt-villous organoids in the presence of HB-EGF beginning at day 1 ([Figure 5C](#F5){ref-type="fig"}, panels *a,f*; Supplementary Video 2A). In the presence of specific inhibitors to EGFR, PI3K or MEK1/2 signaling, organoid size ([Figure 5D](#F5){ref-type="fig"}) and viability ([Figure 5C](#F5){ref-type="fig"}, panels *b-e and g-j*; [5E](#F5){ref-type="fig"}) were significantly decreased. Organoids cultured in the presence of HB-EGF and the MEK1/2 inhibitor were composed of a cellular sphere with none to few shortened protruding crypts ([Figure 5C](#F5){ref-type="fig"}, panels *d,I*, [5D](#F5){ref-type="fig"}; [Figure 6](#F6){ref-type="fig"}) similar to organoids grown without HB-EGF ([Figure 4B](#F4){ref-type="fig"}, panel *g*). Organoids cultured in the presence of HB-EGF and the EGFR inhibitor ([Figure 5C](#F5){ref-type="fig"}, panels *b,g*; [Figure 6](#F6){ref-type="fig"}) or the PI3K inhibitor ([Figure 5C](#F5){ref-type="fig"}, panels *c,h*, [Figure 6](#F6){ref-type="fig"}) suffered more severe consequences. Under these conditions, organoids stopped growing by day 1, and were completely degraded into debris by days 2-5 ([Figure 5D,E](#F5){ref-type="fig"}; [Figure 6](#F6){ref-type="fig"}). These findings were similar under either normoxic or hypoxic conditions.

DISCUSSION {#S26}
==========

The lining of the intestines is composed of millions of villi and crypts which form a barrier against bacterial invasion. The intestinal epithelium is the most rapidly proliferating tissue in adult mammals. ISCs are responsible for self-renewal of the epithelium, and also represent a reserve pool of cells that can be activated after injury. The estimated number of stem cells is 4-6/crypt.^[@R3]^ Stem cells have been proven to be crucial for the recovery and regeneration of several tissues including the intestinal epithelium.^[@R36],\ [@R37]^

Our previous studies have shown that HB-EGF protects the intestines in several animal models of intestinal injury including ischemia/reperfusion injury,^[@R38]^ hemorrhagic shock and resuscitation,^[@R18]^ and NEC.^[@R10],\ [@R11],\ [@R39]^ Our previous studies showed that administration of HB-EGF promotes enterocyte migration,^[@R15]^ prevents IEC apoptosis,^[@R15]^ preserves gut barrier function^[@R18]^ and prevents bacterial translocation.^[@R17]^ The current studies show that HB-EGF can protect ISCs, TA progenitor cells, and differentiated IEC cell lineages from injury in a rat pup model of NEC. The ability of HB-EGF to protect pluripotent ISCs is critical since these cells undergo self-renewal and proliferation to replenish cells that are lost to shedding during normal homeostasis or to injury during stress.^[@R4],\ [@R40]^

In the past, ISCs were identified at position +4 from the crypt bottom, directly above the Paneth cells. It is now thought that there may be two populations of ISCs, a slowly cycling quiescent reserve population above the Paneth cells (upper stem cell zone, USZ) (the +4 cells), and a more rapidly cycling (every 24 hours) active pool of crypt base columnar (CBC) cells located between the Paneth cells (lower stem cell zone, LSZ). The more active ISCs may maintain homeostatic regenerative capacity of the intestine with the more quiescent ISCs held in reserve.^[@R7]^ Several signaling pathways including the Wnt/β-catenin, BMP, RTK/PI3K and Notch cascades are critical to ISC self-renewal and proliferation. Among them, Wnt/β-catenin is the signature signaling pathway, and its downstream regulated genes represent potential ISC markers. The Wnt/β-catenin target gene LGR5 has been recently identified as a marker for CBC ISCs.^[@R28]^ Prominin-1 is also expressed in ISC.^[@R6],\ [@R27]^

Evidence that Wnt/ β-catenin signaling is critical to ISC proliferation includes the observations that ISCs accumulate nuclear β-catenin, a hallmark of active Wnt signaling, and that abrogation of Wnt signaling leads to loss of ISC proliferation.^[@R7],\ [@R37]^ The canonical Wnt pathway is activated when Wnt ligands such as R spondin 1 bind to the cell surface Frizzled/LRP co-receptor complex ([Supplementary Figure 4](#SD4){ref-type="supplementary-material"}). Axin is recruited to the cell membrane resulting in inactivation of the APC destruction complex and stabilization of β-catenin when PI3K/AKT facilitates β-catenin C-terminal S552 phosphorylation and GSK3β phosphorylation. Whereas active Wnt signaling promotes proliferation of ISCs, signaling of the TGF-β family member BMP maintains ISC quiescence. BMP activation leads to SMAD and PTEN signaling, with suppression of ISC proliferation. Unphosphorylated PTEN is active and inhibits Akt activation; phosphorylated PTEN is inactive leading to Akt activation. Inhibition of BMP signaling by overexpression of its inhibitor Noggin, or inactivation of its receptor BMPR1A, causes ectopic crypt formation, suggesting a role for BMP in restricting crypt numbers. Activated β-catenin translocates to the nucleus, binds to the Tcf transcription complex and promotes the expression of pro-cell-cycling c-Myc, Cyclin D and growth factors that lead to ISC self-renewal and proliferation, and ISC markers including LGR5.^[@R5]^

In the current studies, loss of the stem cell markers LGR5 and prominin-1 in the intervillous regions of pups subjected to NEC suggests aberrant changes in Wnt signaling, and indicates either an abnormality in the ISCs or physical disappearance of the cells, or both. Treatment with HB-EGF restored LGR5 and prominin-1 expression in ISCs in rat pups exposed to NEC. In addition, HB-EGF was found to be protective for isolated ISCs subjected to hypoxic stress *in vitro*. Furthermore, in *ex vivo* crypt-villous organoid cultures, addition of HB-EGF led to ISC proliferation, expansion of the cryptal TA compartment resulting in elongated crypts, and growth of crypt-villous organoids, even in the face of hypoxia. Collectively, these findings strongly support the notion that HB-EGF protects the intestine from injury, at least in part, through promotion of ISC/progenitor cell viability and proliferation.

HB-EGF appears to exert its protection of ISCs and TA progenitor cells through the PI3K and EGFR/MEK1/2/ERK1/2 signaling pathways under conditions of normoxia or hypoxia. R-spondin 1 is a Wnt agonist that acts as a secreted activator of Wnt/β-catenin signaling and promotes hyperproliferation of crypts.^[@R41]^ Our *ex vivo* crypt culture experiments demonstrate that HB-EGF or Noggin alone cannot sustain ISC viability, and that R-Spondin 1-initated Wnt/β-catenin signaling is required for the maintenance of long term organoid cultures. Since HB-EGF and Noggin are each able to activate PI3K signaling, this indicates that activation of the PI3K cascade alone is not sufficient to sustain ISC survival and proliferation. However, our results with PI3K inhibitors indicate that PI3K signaling plays an important complementary role to the Wnt/β-catenin cascade in promoting ISC viability under normoxia or hypoxia. In our *ex vivo* crypt cultures grown in the presence of R-spondin 1 alone, PI3K signaling is likely provided by a Wnt/β-catenin-dependent autocrine growth factor loop ([Supplementary Figure 4](#SD4){ref-type="supplementary-material"}). Another signaling cascade that HB-EGF utilizes to exert its effects on ISCs is the EGFR/MEK1/2/ERK1/2 pathway. When added to R-spondin and Noggin, HB-EGF enhances the viability of isolated ISC *in vitro* and the growth of organoids cultured *ex vivo*. These effects of HB-EGF are significantly compromised in the presence of MEK1/2 inhibition, demonstrating that EGFR/MEK1/2 is a main execution pathway for HB-EGF-mediated ISC proliferation. MEK1/2/ERK1/2 are activated and regulated by RTK/Ras/MEKs^[@R42]^ to promote cell proliferation via activation of the cAMP response element binding protein (CREB), E-twenty-six (ETS) and c-fos transcription factors, resulting in cyclin D1 induction or inhibition of cell cycle inhibitors such as p27kip1, Max dimerization protein 1 (MAD1) and Myt1.^[@R43]^ MEK1/2/ERK1/2 also enhance survival through 90 kDa ribosomal S6 kinase (RSK), which inactivates the proapoptotic protein BAD. Exactly how the EGFR transmits HB-EGF signaling to MEK1/2 and what the target genes are remain to be elucidated, but Ras is a potential mediator. It has been demonstrated that signaling through the EGFR/RAS/MEK1/2 pathway is necessary and limiting for adult midgut progenitor cell proliferation.^[@R44]^ Additionally, MEK1/2 activation is associated with proliferation and survival in mouse embryonic and adult ISCs incubated with EGF *in vitro*.^[@R45]^

In summary, the current studies show that HB-EGF protects ISCs from hypoxic injury *in vitro*, and from injury due to experimental NEC *in vivo*. Future studies will examine the ability of exogenously administered HB-EGF and ISCs, delivered alone and in combination, to protect the intestines from NEC. Our findings lend further support for the administration of HB-EGF to premature babies at greatest risk of developing NEC, in an effort to prevent or treat this often devastating disease.

Supplementary Material {#SM}
======================

SUPPLEMENTARY VIDEOS AND FIGURES

**Supplementary Figure 1.** Low magnification microscopic images of anti-LGR5 and anti-prominin-1 double immunostaining of ISCs (white arrows) in the intervillous regions of uninjured breast-fed rat pups. ISCs were stained with: *a*) anti-LGR5 (FITC, green); *b*) anti-prominin-1 (Cy3, red); *c*) DAPI nuclear staining (blue); and *d*) merged image. The white dashed lines indicate the base of the mucosal epithelium.

**Supplementary Figure 2.** Human intestine resected for NEC has loss of ISC staining. Shown are representative photomicrographs of LGR 5 immunostaining of human intestine resected for: *a*) ileal atresia (gestational age 28 weeks, 10 days of life) and *b*) NEC (gestational age 28 weeks, 5 days of life). ISC are indicated by white arrows.

**Supplementary Figure 3.** HB-EGF protects purified ISCs from hypoxia. (A) Isolation of intervillous epithelia. Villi were separated from intervillous regions as described in Methods. (B) MACS isolation of ISCs. Prominin-1 antibody-conjugated magnetic bead purification was used to purify ISCs. Shown are representative photomicrographs of cells stained for: *a, e*) DAPI nuclear staining; *b, f*) LGR5; *c, g*) prominin-1; *d, h*) merged images. *a-d* represent MACS flow-through fractions; *e-h* represent MACS eluate fractions. (C) Flow cytometric analysis of MACS eluates. MACS-isolated cells were labeled with anti-prominin-1 or anti-LGR5 and analyzed by flow cytometry. Left panel: unstained cells (grey) and cells labeled with prominin-1 antibody (red), with secondary antibody conjugated with Cy3. Right panel, unstained cells (grey) and cells labeled with anti-LRG5 (green), with secondary antibody conjugated with FITC. \~80% of the MACS eluate fractions consist of cells that stain positively for prominin-1 and LGR5. (D) HB-EGF protects prominin-1^+^ ISCs from hypoxia. ISC viability is represented as the % of viable ISCs exposed to normoxia in the absence of HB-EGF, which was arbitrarily designated as 100% viability. NA, medium containing R-spondin 1 and Noggin with no addition of HB-EGF; HB-EGF, medium containing R-spondin 1 and Noggin with HB-EGF (100 μg/ml). Values represent mean ± SEM. One-way ANOVA with Tukey-Kramer pair-wise comparison test.

**Supplementary Figure 4.** Schematic illustration of HB-EGF signaling in ISCs. The Wnt agonist R-spondin 1 promotes the canonical β-catenin pathway that leads to the expression of c-Myc, Cyclin-D1, growth factors, EGFR and LGR5. HB-EGF and other growth factors, via activation of EGFR and other TRKs, may provide autocrine signaling that activates the important PI3K/AKT pathway that is complementary to β-catenin signaling. The BMP inhibitor Noggin suppresses PTEN and augments PI3K signaling, thus activating the β-catenin pathway. HB-EGF promotes ISC viability and proliferation through EGFR/PI3K and EGFR/MEK1/2 signalings. Abbreviations: *BMP*, bone morphogenic protein; *BMPR1A*, BMP receptor 1A; *CREB*, cAMP resoponse element-binding protein; *EGFR*, epidermal growth factor receptor; *ETS*, E-twenty-six transcription factor; *FGF*, fibroblast growth factor; *GSK3β*, glycogen synthesis kinase 3β; *LRP*, low-density lipoprotein-receptor related protein; *PI3K*, phosphatidylinositol 3-kinase; *PTEN*, phosphotase and tensin homolog; *RTK*, receptor tyrosine kinase; *TCF*, T-cell factor; *VEGF*, vascular endothelial growth factor; *Wnt*, wingless.

**Supplementary Video 1.** 3D movie showing confocal reconstruction of intervillous ISCs. ISCs were stained with anti-LGR5 (FITC, green) and anti-prominin-1 (Cy3, red). DAPI, nuclear staining (blue).

**Supplementary Video 2.** Time lapse recordings of (A) a proliferative crypt forming an organoid (days 0-1) and (B) a degraded crypt cultured from days 1-3.
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![HB-EGF protects enterocytes, goblet cells and neuroendocrine cells from injury due to experimental NEC. (A) Representative photomicrographs of rat jejunum. *a-c*) H&E stained sections showing absorptive enterocytes; *d-f*) PAS staining showing goblet cells (red arrows); and *g-i*) chromogranin A immunostaining showing neuroendocrine cells (white arrows). Panels *a, d* and *g* are from pups that were breast fed; panels *b, e* and *h* are from pups subjected to experimental NEC; panels *c, f* and *i* are from pups subjected to experimental NEC but with HB-EGF added to the feeds. (B) Quantification of enterocytes, goblet cells and neuroendocrine cells. BM, pups that were breast fed by surrogate mothers; NEC, pups exposed to experimental NEC; NEC+HB-EGF, pups exposed to experimental NEC that were treated with HB-EGF added to the feeds. Values represent mean ± SEM. One-way ANOVA with Tukey-Kramer pair-wise comparison test.](nihms-330673-f0001){#F1}

![HB-EGF protects proliferating ISCs and TA progenitor cells from experimental NEC. (A) PCNA immunostaining of ISCs and TA progenitor cells. Shown are representative photomicrographs from: *a, d, g*) a breast fed rat pup; *b, e, h* ) a rat pup exposed to experimental NEC; and *c, f, i*) a rat pup exposed to experimental NEC but treated with HB-EGF added to the feeds. Panels *a-c* are stained with an anti-PCNA antibody, panels *d-f* show DAPI nuclear staining, panels *g-i show* merged images. (B) Confocal microscopic images of anti-LGR5 and anti-prominin-1 double immunostaining of ISCs in the intervillous regions of uninjured breast-fed rat pups. (C) Confocal microscopic ortho-images of (B) display the intracellular anti-LGR5 and anti-prominin-1 double immunostaining (black arrowheads). The upper stripe shows the ortho-image along the green line and the stripe on the right shows the ortho-image along the red line. (D) HB-EGF protects ISCs from experimental NEC. Prominin-1 and LGR5 double immunostaining was used for detection of ISCs. Shown are representative photomicrographs from: *a*) a breast fed rat pup; *b*) a rat pup exposed to experimental NEC; and *c*) a rat pup exposed to experimental NEC but with HB-EGF added to the feeds. ISCs were stained with anti-LGR5 (FITC, green) and anti-prominin-1 (Cy3, red), with DAPI nuclear staining (blue). (E) Quantification of ISCs. BM, pups breast fed by surrogate mothers; NEC, pups exposed to experimental NEC; NEC+HB-EGF, pups exposed to experimental NEC but with HB-EGF added to the feeds. Values represent mean ± SEM. One-way ANOVA with Tukey-Kramer pair-wise comparison test.](nihms-330673-f0002){#F2}

![*Ex vivo* crypt-villous organoid cultures. (A) A representative mouse crypt cultured *ex vivo* in gelmatrix that grew into a crypt-villous organoid with budding crypts (black arrows) extending from the surface at days 1-11. (B) Organoid illustration showing lumen, villus domain, crypt domain, and ISCs in green (from Sato *et al*.^[@R28]^) (C) Exponential growth of crypt-villous organoids cultured with R-spondin 1, Noggin and HB-EGF (50 ng/ml).](nihms-330673-f0003){#F3}

![HB-EGF protects crypt-villous organoids from hypoxia. (A) Representative photomicrographs of viable and degraded organoids as visualized by phase contrast microscopy (panels *a,c*) and H&E staining (panels *b,d*). Percent of viable organoids with different culture additives at 12 hours (H12), day 1 (D1) and day 2 (D2). (B) Representative crypt-villous organoids cultured for 12 hours or 4 days in medium containing: *a, e*) HB-EGF; *b, f*) Noggin; *c, g*) R-Spondin 1; *d, h*) Noggin + R-spondin 1 + HB-EGF. Panels *a-d*: 12 hours; panels *e-h*: day 4. (C) Size of crypt-villous organoids cultured with different additives on day 4. (D) Budding crypts/crypt-villous organoid cultured with different additives on day 4 and budding crypt length cultured with different additives on day 4. (E) Crypt-villous organoids (day 4) cultured with R-spondin and Noggin, in the absence (panels *a, b*) or presence (panels *c,d*) of HB-EGF (50 ng/ml). Panels *a,c*: H&E staining; panels *b,d*: PAS staining; white arrows, Paneth cells; black arrows, goblet cells. (F) Crypt-villous organoids (day 4) cultured with R-spondin and Noggin and HB-EGF (50 ng/ml), and immunostained with anti-LGR5 (Cy3, red) and anti-PCNA (Cy2, green), to identify ISCs and TA progenitor cells, respectively. The white dashed lines indicate budding crypts and the white arrows indicate ISCs at the base of the crypts. In A-E: RS, R-spondin 1; N, Noggin; HB, HB-EGF. In B-C: values represent mean ± SEM. B (right panel), Two-way ANOVA; B (left panel) and C, one-way ANOVA with Tukey-Kramer pair-wise comparison test.](nihms-330673-f0004){#F4}

![HB-EGF promotes crypt proliferation under hypoxic stress via EGFR activation and PI3K/Akt and MEK1/2 pathways. (A) Organoid size after exposure to hypoxia for 60 min followed by culture for 1-5 days in the presence of R-spondin 1 and Noggin, with or without HB-EGF (50 ng/ml). (B) Percent of viable organoids after exposure to hypoxia for 60 min followed by culture for 1-3 days in the presence of R-spondin 1 and Noggin, with or without HB-EGF (50 ng/ml). (C) Representative photomicrographs of crypt-villous organoids cultured in the presence of R-spondin 1, Noggin and HB-EGF (50 ng/ml), plus the addition of: *a,f*) no inhibitors; *b,g*) AG 1487 (EGFR inhibitor); *c,h*) LY294002 (PI3K inhibitor); *d,e,i,j*) PD98059 (MEK1/2 inhibitor). Panels *a-e* represent day 1 of culture; panels *f-j* represent day 5 of culture. The organoids in panels *e* and *j* were exposed to hypoxia (100% nitrogen for 60 min); the organoids in all other panels were exposed to normoxia. (D) Organoid size on day 5 of culture, in the presence of R-spondin 1 and Noggin and HB-EGF, with or without inhibitors, upon exposure to hypoxia or normoxia. (E) Quantification of viable organoids on day 1 of culture, in the presence of R-spondin 1 and Noggin and HB-EGF, with or without inhibitors, upon exposure to hypoxia or normoxia. NA, medium containing R-spondin 1 and Noggin with no addition of HB-EGF; N, normoxia; H, hypoxia; D1, Day 1 of culture; D2, Day 2; D3, Day 3, D5, Day 5. Values represent mean ± SEM. Two-way ANOVA with Tukey-Kramer pair-wise comparison test.](nihms-330673-f0005){#F5}

![Schematic summary of *ex vivo* organoid culture experiments. *a*) In the presence of R-spondin 1 and Noggin, addition of HB-EGF leads to increased crypt-villous organoid growth, with promotion of crypt fission and TA zone/villous domain expansion. *b*) In the presence of R-spondin 1 alone, R-spondin 1 plus Noggin, or R-spondin 1 plus Noggin plus HB-EGF in the presence of MEK 1/2 inhibition, crypt-villous organoid growth is limited to small spherical organoids. *c*) In the presence of Noggin alone, HB-EGF alone, or R-spondin 1 plus Noggin plus HB-EGF in the presence of either EGFR or PI3K inhibition, crypt-villous organoid growth is completely abolished. Thus, EGFR and PI3K activation are crucial, and MEK 1/2 activation is important, in HB-EGF-mediated crypt-villous organoid growth. ISCs, green; progenitor cells in TA zone, yellow; paneth cells, brown; enterocytes, blue; goblet cells, red. N, Noggin; RS, R-spondin 1.](nihms-330673-f0006){#F6}
